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Abstract 
Precipitation is one of the most fascinating physical processes in nature. Initiated 
from microphysical processes such as nucleation, coalescence, ice-crystal 
processes, etc., raindrops develop from cloud droplets and ice crystals. They fall 
out and form precipitation ranging from drizzle to heavy rain, lasting from 
minutes to days, covering regional to large scales. Precipitation has great 
variations in time and space. Changes in the characteristics of precipitation have 
been noticed under the changing climate. 
This research is composed of two parts. The first part focuses on the analysis of 
the time series of precipitation in Hong Kong to give a thorough understanding in 
changes in precipitation characteristics. It is particularly interesting to see how 
does a city respond to a changing climate? The second part examines the current 
radar rainfall rate estimation algorithm. It is necessary to re-visit this because the 
empirical parameters used for decades may not be applicable to the current 
period under the changing precipitation characteristics in Hong Kong. 
The hourly rainfall time series from 1885 to 2009 is analyzed by linear regression 
and empirical mode decomposition method. It is found that the relative 
percentage of light rain has decreased and that of heavy rain has increased in 
summer monsoon seasons after World War II. The rainfall event statistics shows 
an increase in accumulated rainfall in summer monsoon seasons. The diurnal 
variation has experienced obvious changes in spring and summer. The return 
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period of heavy rainfall has been decreasing in April to June. All of these suggest 
that the Hong Kong precipitation has been moving into a pattern of more 
extremes. 
The radar rainfall rate estimation algorithm is examined by data provided by a 
disdrometer and automatic weather station installed at the Chinese University of 
Hong Kong since July 2010, and radar and rain gauge maintained by Hong Kong 
Observatory. A case study of a typhoon passage from 21st July to 23rd July 2010 
is conducted to investigate the estimation algorithm comprehensively. The result 
shows that the derived empirical parameters for rainfall rate estimation are 
distinctly different from the Marshall-Palmer relationship adopted by Hong Kong 
Observatory. It may be advisable that an empirical relationship that accounts for 
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CHAPTER 1: BACKGROUND 
Precipitation is one of the most fascinating physical processes in nature. It starts 
from microphysical processes such as nucleation, coalescence and ice-crystal 
processes. These processes lead to the formation of cloud droplets and growth of 
them into precipitation in liquid form (rain) or solid forms (snow, sleet, hail, 
graupel, etc). Precipitation varies in both temporal and spatial scales. It can last 
from minutes to days. It can cover a few kilometers to thousands of kilometers. 
Precipitation is also the active component in the hydrological cycle which 
includes cycling water among lithosphere, biosphere and atmosphere, and hence 
essential to all lives on Earth. 
Lives are vulnerable to abnormal precipitation. Too much precipitation can cause 
flooding and landslide, which directly result in casualties, damage in properties 
and ecological impact due to the change in landforms. On the other hand, too 
little precipitation can cause drought, which impacts agriculture and other 
activities. 
Therefore, it is crucial to examine if there has been any regional or global change 
in precipitation pattern in a climatic sense, and if there has been a change, 
whether the current precipitation estimation algorithm has adapted to the change 
so that it gives accurate real-time precipitation estimation. 
To answer the first question, the Intergovernmental Panel on Climate Change 
(IPCC) Fourth Assessment Report stated that precipitation trends from 1900 to 
2005 have been observed in many large regions (IPCC, 2007). Precipitation 
increased significantly in eastern parts of North and South America, northern 
Europe and northern and central Asia. In contrast, it declined in the Sahel, the 
Mediterranean, southern Africa and parts of southern Asia. Globally, the area 
affected by drought has likely increased since the 1970s. It was also noticed that 
the frequency of heavy precipitation events (or the proportion of total rainfall due 
to heavy rainfall) has increased over most areas (IPCC, 2007). For the China 
region, it was found that both the intensity and frequency of extreme 
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precipitation events have significantly increased over the Yangtze River reaches 
since the mid-1980s (Su et al., 2007). It is no doubt that both global and regional 
precipitation patterns have been changing, so the next question is whether there is 
also a change in precipitation characteristics in Hong Kong, and if so, to what 
extent. 
The second question is relevant to the practical estimation of rainfall. Rainfall 
measurements and estimation play an important role in many climatological and 
hydrological applications. There have been numerous precipitation measuring 
instruments and precipitation estimation algorithms. Over the past 50 years, as a 
result of the gradual development of radar technology, ground-based weather 
radar is now finally becoming a tool for quantitative rainfall measurement instead 
of merely for qualitative rainfall estimation (Uijlenhoet, 2001). Using remote 
sensing method such as radar to estimate precipitation would offer the equivalent 
of a very high density gauge network. Such a high resolution device would 
capture isolated heavy rainfall rates which may be missed or smoothed out by 
any practical network of rain gauges. Radar can give instantaneous rates of 
precipitation, which is calculated by the reflectivity-rainfall rate relationship {Z-R 
relationship). However, the relationship is purely statistical and appears to 
depend on the place, season, and type of precipitation (Raghavan, 2003). This 
raises the question of whether the current precipitation estimation algorithm 
adopted by Hong Kong has adapted to this variation and thus can provide an 
accurate estimation of rainfall rate under various rainfall conditions. If it is not 
the case, it is important to determine the best Z-R relationships for Hong Kong. 
Based on the above questions, this thesis research consists of two parts. The first 
part is to evaluate the change in precipitation characteristics in Hong Kong 
(Chapter 2). The second part is to evaluate the reflectivity-rainfall rate 
relationship in Hong Kong (Chapter 3). These chapters start with comprehensive 
literature reviews, followed by introductions of methods applied for the data 
analysis, and descriptions of results. Chapter 4 presents the summary of the 
results and the limitations in this research. 
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CHAPTER 2: CHANGES IN RAINFALL CHARACTERISTICS IN 
HONG KONG 
2.1 Introduction 
A general consensus is that the increasing trend of temperature occurs world-
wide and the magnitude is greater at higher northern latitude. However, the 
change in frequency and intensity of precipitation is less certain. Climate models 
predict relatively small change in the total rainfall. However, the distribution of 
rainfall rates has shown a shift to more extreme events, i.e., increases in heavy 
and light or no rain categories and decrease in the moderate rain category. 
Groisman et al. (2005) concluded that there was a widespread increase in the 
frequency of very heavy precipitation during the past 50 to 100 years in mid-
latitudes. Model projections also indicated an increasing probability of heavy 
precipitation events for many extra-tropical regions. However, Allan and Soden 
(2008) stated that the reality might be even worse because the observed 
amplification of rainfall extremes was found to be larger than that predicted by 
models. That implies that the projections of future changes in rainfall extremes in 
response to anthropogenic global warming may be underestimated. 
Su et al. (2007) conducted research over the Yangtze River Basin of China. Their 
results showed a significant increase in intensity and frequency of extreme 
precipitation events over the region. Mok et al. (2006) revealed that the rainfall 
over different regions of Hong Kong was generally on a rising trend ranging 
from 34 mm to 103 mm per decade, although the trend was not statistically 
significant. The rate was higher over urban areas. Leung et al. (2004) found that 
the annual rainfall amount at Hong Kong Observatory (HKO) headquarter had 
been increasing, but still not statistically significant. 
The change of precipitation is likely related to aerosols. Aerosols are suspensions 
of small solid and/or liquid particles with size ranging from 10.4 to 10^  |Lim 
(Wallace and Hobbs, 2006). Aerosols can act as cloud condensation nuclei 
(CCNs) which water vapor condenses to form cloud droplets. For the same 
amount of available liquid water in a cloud, an increase in the number of CCNs 
will increase the number but reduce the size of cloud droplets through 
competition, which is known as the 'Twomey effect' (Twomey, 1977). When a 
cloud with smaller droplets is formed, more time is required for droplets to grow 
large enough for precipitation (Albrecht, 1989). However, not all aerosols show 
the same properties; CCNs with radii smaller than 0.01 |im are not usually 
activated and do not influence the cloud microphysical structure. CCNs in the 
range of 0.01 \im < rccN < � 1 f^m, as a rule, are activated and give rise to cloud 
droplet formation. CCNs with rccN > � 1 nm give rise to formation of largest 
droplets, which foster raindrop formation at lower levels (Segal et al., 2004). The 
nature of the aerosols also plays a role in the reaction with water vapor. 
Absorbing aerosols such as dust and black carbon absorb solar radiation to heat 
up the atmosphere, as well as evaporate the cloud droplets (Ackerman et al., 
2000). This kind of heating effect may be responsible for the long-term dry (wet) 
pattern over northern (southern) China (Menon et al., 2002). The mechanism of 
aerosol impacts on precipitation is so complex that it is still under hot debate. 
Urbanization is of another great interest in assessing the precipitation change. 
When more land becomes urbanized, an urban heat island (UHI) may develop. 
UHI effect causes a city to remain consistently warmer than its surroundings. 
This phenomenon is created by changes in the natural environment, including 
urban development and deforestation. There were studies suggesting that UHI 
induced more precipitation in the urban areas than in the rural areas (Dixon and 
Mote, 2003; Shepherd et al., 2002). In Hong Kong, UHI effect was also observed. 
It was found that there was an increase in cloudiness and precipitation as thermal 
circulation was created in the surrounding region (Stanhill and Kalma, 1995； 
Leung et al., 2004). Under the combined impacts of aerosols and urbanization, 




Hong Kong Observatory (HKO) operates a number of automatic weather stations 
(AWS) and 47 of them record rainfall measurement. Some of the stations 
measure rainfall rate at up to 1 -minute interval, but the starting time varies with 
stations. About half of these stations started operation in the 1990s to 2000s with 
most of them starting around 1985. The longest record is the rain gauge located 
at HKO headquarter which has operated since 1884. There were no data between 
1940 and 1946 due to World War II. The finest resolution of the rainfall data is 
0.05 mm/hr. If there is a non-zero rainfall but less than 0.05 mm/hr, 'trace' is 
documented. Only the rain gauge at HKO headquarter has the 'trace' record and 
'trace' record was missing between 1885 to 1916. In this research, ‘trace’ is 
treated as null rainfall, as recommended by HKO, for the sake of consistency in 
the data throughout the study period. This practice is because of two reasons: (1) 
the rainfall scale would be offset by an order of two with the inclusion of 'trace' 
as light rain; (2) there were no 'trace' records from 1885 to 1916, while there 
were almost a thousand of 'trace' records each year since 1917. HKO explained 
this by the change of practice in handling 'trace'. 
As this research intends to examine the trends in rainfall characteristics, only 
long period data are suitable for this research. Thus, only the rain gauge at HKO 
headquarter is used in this study, because of its availability over a long period, 
and fine resolution in rainfall amount and time. In this research, hourly rainfall 
data are used for the sake of uniformity of analysis. 
Using the rainfall data described above, annual variations of the rainfall rate 
distribution, rainfall rate categories, diurnal cycle, and rainfall event 
characteristics (duration, accumulated rainfall, separation, and intensity) are 
examined for winter monsoon season, summer monsoon season, and mid-




The change in the regional rainfall characteristics has been investigated using 
both numerical modeling and statistical approaches. This research applies the 
statistical approach. The statistical analysis objectively analyzes the past trends, 
although the result may vary by different statistical models. Linear regression, 
being one of the simplest and popular data analysis methods, has been widely 
used in numerous precipitation research studies (Leung et al., 2004; Modarres 
and Sarhadi, 2009; Su et al., 2007; Wong and Mok, 2009; Zin et al., 2010). It can 
effectively depict the fundamental monotonic trend of a given data set. As 
variations in precipitation or other physical parameters also involve non-linearity 
and are subjected to inter-annual or decadal oscillations, some researchers tried 
to employ the empirical mode decomposition (EMD) to extract oscillation 
signals in a non-linear time series. Empirical mode decomposition is a non-linear 
method to decompose an original time series into a number of temporal modes 
called intrinsic mode functions, with no assumption of functional form (Huang et 
al., 1998; Wu et al., 2009). 
In this research, trends of precipitation in various aspects are analyzed using 
linear regression and EMD methods, aiming at obtaining a thorough 
understanding of the precipitation change. The data are divided into three seasons. 
They are winter monsoon season (December, January and February) denoted as 
‘DJF，，summer monsoon season (April, May and June) denoted as ‘AMJ，，and 
mid-summer rain and typhoon periods (July, August and September) denoted as 
‘JAS，. The variations in the rainfall rate distributions, the rainfall rate categories, 
the diurnal cycle, and the rainfall event characteristics are examined for each 
season respectively. 
The hourly rainfall rate (RF) is categorized into five groups, namely no rain, light 
rain (0 < RF < 3.0 mm/hr), moderate rain (3.0 ^ RF < 10.0 mm/hr), heavy rain 
(10.0 ^ RF < 50.0 mm/hr) and violent rain (RF ^ 50.0 mm/hr). The 
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classification is close to the definition of rainfall rate categories stated by UK 
Met Office (Met Office, 2007). 
In addition to rainfall rate probability distribution function (pdf), rain event 
statistics are also investigated. Figure 2-1 below explains the parameters visually. 
A rainfall event starts when RF > 0 and ends when RF = 0, followed by a no rain 
period until the next rain episode is reached. Using this technique, each rainfall 
event yields four quantities, (1) accumulated rainfall, which is the sum of rainfall 
in an event; (2) duration, which is the number of hours that rainfall has sustained; 
(3) intensity, which is defined by the ratio of the accumulated rainfall to the 
duration of an event, and (4) separation, which is the time period between rainfall 
episodes. The number of rain events for each season is also analyzed. 
Rainfall rate accum. RF 
^ intensity 二 r-
duration 
f^pmmk 
k H \ Time 
duration separation 
FIG 2-1. Graphical representation of the parameters in a rainfall event. 
The return period of the rainfall rate is also computed from the rainfall rate pdf. It 
implies that the likelihood or probability of such a rainfall rate to re-occur. This 
statistics has a strong engineering and ecological significance. If the return period 
is 10 years, it means such an event is likely to have a repeating interval of 10 
years. 
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2.3.1 Linear Regression Analysis 
Linear regression is one of the simplest statistical methods to investigate the 
relationship between the dependent and the independent variables. In time series 
analysis, time becomes the independent variable. 
The equation of linear regression is: 
少二 mx + Z) 
y is the dependent variable, x is the independent variable. is a function of x 
through two parameters, m and b. Here, y is rainfall, x is time, m is the rate of 
change of rainfall, and Z? is a constant for the line segment. 
m and b can be determined by applying the least square criterion, that means a 
minimization of the sum of the squares of the residuals. Mathematically, m and b 
can be calculated by: 
b = y — mx-
where x and y are the sample means. 
The significance of the fitted linear trend can be examined by the p-value, which 
is the probability of observing a sample as extreme as the /^statistics (Pardoe, 
2006). The lower the /?-value, the more statistically significant the result is. 
Popular significant levels of rejecting the null hypothesis are 0.01, 0.05 and 0.10, 
corresponding to 99%, 95% and 90% confidence levels at which the fitted trend 
is statistically significant. 
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2.3.2 Empirical Mode Decomposition 
Although linear regression is applied to find out the average monotonic trend of 
the time series, it suffers from various disadvantages. It fails to identify any 
periodic signals or oscillations. In reality, many physical processes are 
oscillation-based and even non-linear. 
Historically, Fourier spectral analysis has been widely used to analyze a time 
series. It has been so popular because it is capable to describe periodic signals 
and easy to apply and interpret. However, there are some crucial restrictions of 
the Fourier spectral analysis. It requires the system to be linear and the data to be 
strictly periodic or stationary. If the data is non-linear, for example, a delta 
function, extra harmonics are used to re-construct the function. That, in one hand, 
spreads the energy into a wide range of frequencies, which may violate the 
energy conservation rule, and, on the other hand, creates a number of harmonics 
with negative values needed to cancel out each other to give the final delta 
function. The negative values are not physical. 
Other popular data analysis methods include wavelet analysis, and empirical 
orthogonal function expansion (EOF) method. Wavelet analysis is a tool for non-
stationary signal analysis. It can identify the main periodicities in a time series 
and their evolutions (Kuo et al., 2010; Percival and Walden, 2000; Torrence and 
Compo, 1998). The wavelet transform of a series of discrete data is defined as 
the convolution between the series and a scaled and translated version of the 
wavelet function chosen, which is called the 'mother wavelet' (Souza Echer et al., 
2008; Grinsted et al., 2004). By varying the wavelet time scale and functional 
form, a graph of the amplitude versus frequency can be constructed. The power 
spectrum implies the response of the data to that frequency. Although wavelet 
analysis is popular, it is basically a linear analysis, and the result greatly depends 
on the choice of the time scale and functional form of the mother wavelet. 
Another popular method is the principal component analysis. It decomposes the 
original time series into a linear combination of orthogonal functions. Each 
orthogonal function represents a mode of independent variation with time. The 
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problem is that the decomposition is not unique, and a single component may not 
contain physical meaning, so great attention is needed for the interpretation of the 
modes. 
With a similar concept, empirical mode decomposition (EMD) breaks down the 
original data into a number of intrinsic mode functions (IMFs), with no 
assumption about linearity and stationarity (Huang et al., 1998; Wu et al., 2009), 
making the EMD a very powerful empirical method to interpret the physical 
principles behind a time series. 
An IMF is a function that satisfies two conditions: 
(1) In the whole data set, the number of extrema and the number of zero 
crossings must either equal or differ at most by one; and 
(2) At any point, the mean value of the envelope defined by the local maxima 
and the envelope defined by the local minima is zero. 
With the above conditions, each IMF can be both amplitude and frequency 
modulated, and thus can be non-stationary. Applying the concept of IMFs, the 
decomposition is based on the assumptions below: 
(1) The signal has at least two extrema - one maximum and one minimum; 
(2) The characteristic time scale is defined by the time lapse between the extrema; 
and 
(3) If the data are totally devoid of extrema but contain only inflection points, 
then it can be differentiated once or more times to reveal the extrema. 
Final results of the decomposition can be obtained by integrations(s) of the 
components. Practically, IMFs are produced by a process called 'sifting'. First, 
all the local maxima in the data are connected by a cubic spline to produce the 
upper envelope. All the local minima are also connected in the same way so all 
1 0 
the data should lie within these envelopes. The difference between the data and 
the mean of these envelopes m\{f) is computed as: 
The existence of low-amplitude riding waves on the data can cause h\{t) to not 
satisfy the IMF definition. If so, the sifting process is performed again using h\{t) 
as the data, i.e.: 
hu{t) = hx{t)-mn{t). 
The sifting process is repeated k times until h\k{t) is an IMF, i.e.: 
hxk{t) = hx^k-\){t)-mxk{t). 
Now h\k{t) can be designated as the first IMF component as c\{t), i.e. 
c\(t) = hxk{t). 
To guarantee the IMF components retaining enough physical sense of both 
amplitude and frequency modulations, a criterion is needed to stop the sifting 
process. This can be done by limiting the standard deviation, SD, computed from 
the two consecutive sifting results, i.e.: 
h i 场—1〉⑷ J. 
A typical value for SD can be set between 0.2 and 0.3. After determining the first 
IMF component which should contain the highest frequency component of the 
data, it is subtracted out from the original data, i.e.: 
r , ( 0 = X ( 0 - c i ( 0 . 
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r\{t) is the residue containing the longer period components. r\{t) now serves as 
the new data and the above sifting process is repeated successively to each 
residue until either the IMF component Cn or residue is smaller than a 
predetermined value or the residue is a monotonic function from which no 
more IMF can be extracted. 
The result of the sifting process is that the data have been decomposed into n-
empirical modes and a residue r" which can be the mean trend of the data or a 
constant, i.e. 
Coughlin and Tung (2004) applied EMD to analyze the geopotential height time 
series in the Northern Hemisphere to delineate five modes and a trend. The 
modes were identified as the annual cycle, equatorial quasi-biennial oscillation 
(QBO), ENSO-like mode, and 11-year solar cycle. That showed clearly the 
effectiveness of EMD in signal extraction. 
2.4 Result 
2.4.1 Rainfall Rate Categories 
Figure 2-2 to 2-4 show the time series of the percentage of light rain, moderate 
rain and heavy rain at the station of HKO headquarter in the three seasons from 
1885 to 2009. 
The linear regression analysis is performed for pre-war and post-war periods 
separately. The significance of the trends is tested based on the slopes of the 
regression and their p-value. The lines fitted in the figures are significant at 5% 
1 2 
level. Significant trends (5%) are detected in the relative percentage of light rain 
and moderate rain in AMJ (Figure 2-2), and heavy rain in JAS (Figure 2-3). In 
AMJ, the percentage of light rain increases and moderate rain decreases in the 
pre-war period, while the scenarios reverse in the post-war period (Figure 2-2). 
Heavy rain also shows an increase but insignificant. In DJF, the results are less 
conclusive due to an absence of significant trend (Figure 2-4). 
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FIG 2-2. Percentage of light rain (top), moderate rain (middle) and heavy rain 
(bottom) at HKO headquarter in AMJ from 1885-2009. Only trend lines with 
95% significance level are shown. 
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Time series of hko percentage of RF O < RF < 3.0 mm (1885-2009 JAS) 
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FIG 2-3. The same as Figure 2-2 except in JAS. 
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Time series of hko percentage of RF O < RF < 3.0 mm (1885-2009 DJF) 
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FIG 2-4. The same as Figure 2-2 except in DJF. 
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The change in JAS heavy rain appears to speed up in recent 20 years. Figure 2-5 
shows the EMD result for the heavy rain in JAS since 1947. The last IMF is a 
generally increasing trend, but not exactly monotonic. It is clear that the 
significant positive trend obtained by linear regression is consistent with the last 
IMF. Moreover, EMD here depicts an inter-annual mode (second IMF) which is 
another dominant contributor, and an around 20-year period oscillation (third 
IMF) with a smaller amplitude. The strengthening of inter-annual signal since 
1980 is comprehensively extracted here, which is a very nice example to 
demonstrate the power of EMD. This strengthening, along with the crest of the 
20-year oscillation and the background increasing trend, contribute to the rapid 
increase in heavy rainfall percentage in Figure 2-3. 
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Unit: % / decade NR LR MR HR V 
Lin. Reg. (pre-war) NA 0.96 -0.62 - NA 
(post-war) NA - + + NA 
EMD (pre-war) NA 0.79 NA -0.22 NA 
(post-war) -0.12 -0.24 0.11 0.24 NA 
JAS 
Unit: % / decade NR LR MR HR V 
Lin. Reg. (pre-war) - NA - + NA 
(post-war) NA - NA 0.42 NA 
EMD (pre-war) NA NA -0.21 0.10 NA 
(post-war) NA -0.40 NA 0.22 NA 
DJF 
Unit: % / decade NR LR MR HR V 
Lin. Reg. (pre-war) NA + - NA NA 
(post-war) NA + - - NA 
EMD (pre-war) NA 0.14 -0.15 NA NA 
(post-war) NA 0.60 NA -0.10 NA 
TABLE 2-1. Summary of rainfall rate categories by linear regression and EMD 
analyses in all seasons (NR: no rain, LR: light rain, MR: moderate rain, HR: 
heavy rain,V: violent rain; red colour: positive trend, blue colour: negative trend; 
The trends are indicated by signs ['+' means an increasing trend and means a 
decreasing trend] and the numeric values denote that the linear regression trends 
[p-value < 0.05] are significant. In EMD, the trend is found by fitting the last 
IMF by a straight line with last IMF's end-points. 'NA’ in EMD denotes that the 
trend magnitude is negligible or monotonic trend does not exist. The rainfall 
percentage of NR accounts for all data while the percentages for LR to V are the 
relative percentages of conditional rainfall.). 
1 8 
Table 2-1 summarizes the result of linear regression and EMD analyses for all 
seasons. The results of EMD are in a general agreement with those of linear 
regression. The results indicate different trends for the pre-war and the post-war 
periods. In post-war period, AMJ and JAS both show a decrease in light rain and 
an increase in heavy rain, and AMJ even shows an increase in moderate rain. In 
contrast, DJF displays a significant increase in light rain and a decrease in heavy 
rain. There is no conclusion about violent rain in all reasons because there are 
few violent rainfall events. 
To have a complete picture of the rainfall characteristics change, it is necessary 
to look at non-rainy days as well as rainy days. The trends of the percentage of 
zero rainfall hours in the seasons are analyzed. Figure 2-6 shows the relative 
percentages of zero rainfall hours (relative to rainfall hours) from 1885 to 2009. 
The time series show insignificant trends for all seasons by linear regression. 
EMD analysis also suggests negligibly small trends. This result has the 
implication that the above rainfall rate categories analysis is made under the 
background of nearly constant number of rainfall hours. 
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FIG 2-6. Relative percentages of zero rainfall hours from 1885-2009. 
1 9 
2.4.2 Rainfall Events Statistics 
In this session, the statistical result of the accumulated rainfall, duration, 
separation and intensity of rainfall events are presented. Table 2-2 summarizes 
the results by linear regression and EMD. 
AMJ 
Unit: (unit/dec) Acc. RF Dur. Sep. Inten. 
Lin. Reg. (pre-war) - NA + NA 
(post-war) + NA + NA 
EMD (pre-war) -0.19 NA NA NA 
(post-war) 0.19 NA -0.14 NA 
JAS 
Unit: (unit/dec) Acc. RF Dur. Sep. Inten. 
Lin. Reg. (pre-war) + NA - NA 
(post-war) 0.56 NA 0.67 0.10 
EMD (pre-war) NA NA -0.23 NA 
(post-war) 0.23 NA 0.11 NA 
DJF 
Unit: (unit/dec) Acc. RF Dur. Sep. Inten. 
Lin. Reg. (pre-war) NA NA + NA 
(post-war) NA NA - NA 
EMD (pre-war) NA NA NA NA 
(post-war) NA NA NA NA 
TABLE 2-2. Summary of rainfall event statistics by linear regression and EMD 
analyses in all seasons (accumulated rainfall (mm) - Acc. RF, duration ( h r ) -
Dur., separation (hr) - Sep., intensity (mm/hr) - Inten.; red colour: positive trend, 
blue colour: negative trend). 
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In AMJ, the accumulated rainfall shows a mild decreasing trend in the pre-war 
period and an increasing trend in the post-war period. The increasing trend is 
larger in the most recent 25 years (Figure 2-7). In JAS, although the accumulated 
rainfall shows a significant increase for the post-war period, the trend in recent 
25 years becomes weaker. By EMD, it is found that the weakening is due to the 
troughs of the inter-annual modes and the less steep fundamental mode (Figure 
2-8). In DJF, the trends are opposite to those in AMJ and JAS. A slight increase 
and a decrease are obtained for the pre-war and the post-war period respectively, 
but the magnitudes are too small so they are stated as 'NA' in Table 2-2. As 
rainfall events in winter are much milder than in other seasons, the inter-annual 
fluctuation contributes almost half of the total variance of the series (Figure 2-9). 
Time series of hko accumulated rainfall of an event (1885-2009 AMJ) 
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FIG 2-7. Time series of accumulated rainfall of an event in AMJ from 1885-2009. 
2 1 
IMF Components 
-•丨 K / y w y w A M 
2 I 1 1 1 1 1 ^ ^ 
“ — - ^ ^ ^ ^ / _ 
, , , \ . d 
0.5 F I 1 1 I = 
-0.5 ^ ^ ^ -
_ I I 1 I 
1 1 1 1 I 
10.5 - ^ ^ ^ ^ 一 -
1 0 - -
9 . 5 I 1 I I 1 1 ： 
1950 1960 1970 1980 1990 2000 
Time 
FIG 2-8. Intrinsic mode functions of accumulated rainfall of an event in JAS 
from 1947-2009. 
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FIG 2-9. Intrinsic mode functions of accumulated rainfall of an event in DJF 
from 1948-2009. 
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The change in event duration is less conclusive. For example, in DJF, post-war 
period displays an increase followed by a decrease according to the EMD 
analysis (Figure 2-10). For other seasons, although a monotonic trend can be 
drawn, the magnitude is too small. 
IMF Components 
- J i W v ^ A y A A A - ^ 
。 ！ [ Z X Z X Z S X ! 
-0.6 L_J I I I I I ^ 
-0.4 L j — — I 1 1 1 1 
“ 3 . 2 -
_ I I I I I ^ 
1950 1960 1970 1980 1990 2000 
Time 
FIG 2-10. Intrinsic mode functions of duration of an event in DJF from 1948-
2009. 
The separation of rainfall events shows a decrease in the post-war period and a 
negligible small increase in the pre-war period by EMD in AMJ. In JAS, the 
situation reverses. A decrease in pre-war period is followed by an increase in 
post-war period. In DJF, the result becomes even more ambiguous. The inter-
annual fluctuation is so large that no significant trends can be obtained (Figure 2-
1 1 ) . 
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FIG 2-11. Intrinsic mode functions of separation of an event in DJF from 1948-
2009. 
The intensity analysis does not have strong conclusion. The only obvious change 
is the intensity in the post-war JAS period. Linear regression shows a significant 
increasing trend (Table 2-2). EMD also records it but the magnitude is smaller 
(Figure 2-12). The less conclusive result obtained in this session is because of the 
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FIG 2-12. Intrinsic mode functions of intensity of an event in JAS from 1947-
2009. 
In summary, accumulated rainfall of an event shows an increase in post-war 
summertime (AMJ and JAS) and an insignificant decrease in post-war 
wintertime (DJF). The duration of an event has no conclusion. The separation of 
an event is generally more diverged, that a decreasing trend is obtained in AMJ 
and an increasing trend is obtained in JAS during the post-war period. The 
intensity of an event does not display clear trends. Only JAS displays an 
increasing trend in the post-war period. 
The rain event number in the three seasons is examined to give an overall picture 
of the combined effect of the change in duration and separation. With the full 
period (1885 - 2009), the numbers of events in all seasons show insignificant 
decreases with negligible magnitudes (Figure 2-13). However, JAS displays a 
significant decreasing trend with a value of -4.42 events per decade in the post-
war period, which is consistent with the increasing trend of the event separation 
(Table 2-2). It suggests that the JAS post-war period rainfall has fewer rainfall 
events by a longer time interval between each event. Overall, Figure 2-13 implies 
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that the above event statistics is occurring on top of the nearly the same number 
of rainfall events, except in the J AS post-war period. 
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FIG 2-13. Number of events from 1885-2009 (significant trend is fitted by a 
dotted line). 
2.4.3 Diurnal Variation 
In addition to these rainfall characteristics changes, it is also interesting to 
investigate the change in diurnal cycle. The diurnal cycle is first computed for 
different periods. Linear regression is applied to analyze the times series of 
average rainfall over all seasons. There are two types of averaging used below. 
'Time-averaging' refers to an average taken for all the data at a particular hour 
(considering all data of zero rainfall and non-zero rainfall). ‘Rain-averaging， 
refers to an average taken for non-zero rainfall data only at a particular hour. The 
change in average rainfall over a day is analyzed first. 
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FIG 2-14. Time-averaged rainfall diurnal cycle in pre-war (solid line) and post-
war (dotted line) period. 
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Figure 2-14 compares the time-averaged diurnal variation in the pre-war and 
post-war period for different seasons. The diurnal cycle in AMJ shows a shift in 
the peak rainfall hours. While maximum rainfall happens between 5 am to 9 am 
in the pre-war period, it shifts to 6 am to 11 am in the post-war period. There is 
also a late evening rainfall peak in the post-war period. The average rainfall in 
the post-war period is greater than that in the pre-war period too. Two-tailed 
Student t-test is applied and it shows that the differences at 07, 18 and 19 HKT 
are significant. 
In JAS, a mid-night to early morning peak develops from 4 am to 6 am. The 
strengthening of the rainfall, particularly in late evening is also observed. T-test 
shows that the difference between pre-war and post-war periods is significant at 
06, 15, 19 and 20 HKT. 
In DJF, the mid-night rain difference is obvious and it is statistically significant. 
Post-war mid-night rainfall is only about half of that in the pre-war period. 
After identifying the diurnal variation in pre-war and post-war periods, another 
interest is the time series of rain-averaged rainfall over a certain period of day in 
each period. Linear regression analysis shows that the pre-war period gives 
significant decreasing trends in afternoon rain and late evening rain (09-12 and 
18-21 HKT) in AMJ. Post-war period gives significant increasing trends in early 
morning rain and late evening rain (03-06 and 18-21 HKT) in JAS (Figure 2-15). 
The time series suggests that the strengthening of the early morning and late 
evening rainfall is due to the positive trends of rainfall over the 03-06 and 18-21 
HKT periods. 
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FIG 2-15. Rain-averaged rainfall in 03-06 HKT (top) and 18-21 HKT (bottom) in 
JAS. 
In summary, the average rainfall over summertime is strengthening. A delay of 
maximum rainfall period is also observed in AMJ. DJF, on the other hand, shows 
a significant decrease in average rainfall around mid-night. 
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2.4.4 Rainfall Rate Distribution 
In section 2.4.1 (rainfall rate categories), the analysis is carried out by dividing 
the rainfall data into categories of light rain, moderate rain, heavy rain and 
violent rain. In this session, the analysis is conducted for 10-year averaged 
rainfall rate distribution. 
Figure 2-16 shows the 10-year averaged rainfall rate time series for 50*, 
90th and percentiles. Since small rainfall rate occupies a large portion of 
rainfall rate distribution, 90-th percentile of rainfall rate reads only up to around 
8 mm/hr in summertime and 2 mm/hr in wintertime. In AMJ, all 50th, 90* 
and 99* percentiles time series show significant increasing trends. The trends 
become steeper from lower to higher percentiles, suggesting that the rainfall rate 
distribution is shifting to the heavy rainfall side. percentile time series 
displays a positive value of 0.88 mm/hr per decade. In JAS, 75* 90* and 
percentiles time series also show significant increasing trends. The situation is 
similar to AMJ but the percentile time series in JAS has a smaller magnitude 
of 0.59 mm/hr per decade. In DJF, all percentiles time series do not show 
significant trends so no conclusion can be drawn. The results shown here are 
consistent with the results in Table 2-1 (in section 2.4.1). 
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FIG 2-16. 10-year averaged conditional rainfall time series for all seasons 
(significant trends are fitted with dotted lines). 
The probability distribution is also examined by looking at the return periods. 
Figure 2-17 shows the return periods of hourly rainfall rate for pre-war and post-
war periods in AMJ and JAS. In AMJ, return intervals in the post-war period are 
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far much smaller than those in pre-war period, indicating an increasing chance of 
heavy rainfall occurrence. In JAS, curves for pre-war and post-war periods are 
comparable with a longer return interval in the post-war period. 
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FIG 2-17. Return periods of hourly rainfall rate in AMJ (top) and JAS (bottom). 
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CHAPTER 3: REFLECTIVITY-RAINFALL RATE RELATIONSHIPS 
IN HONG KONG 
3.1 Introduction 
The reflectivity-rainfall rate relationship developed by previous studies was 
mostly based on an empirical approach, i.e., an empirical fitting of these two 
parameters. However, this approach is not purely empirical but has a theoretical 
basis. The reason of calling it 'empirical' is due to an approximation of the 
raindrop size distribution, a theoretical calculation of radar back-scattering, and a 
neglect of vertical motion of air (Raghavan, 2003). 
Raindrop size distribution (DSD) has been studied for decades. An accurate 
description of a DSD provides hints for understanding cloud. One of the simplest 
forms of DSD is: 
N(D) = NO exp (-AD) , 0 < Z) < D 腿 
where Nq (cm.� mm'') and 八(mm-i) are parameters of the distribution and D^ax is 
the maximum drop diameter. This form was proposed by Marshall and Palmer 
(1948) and they suggested that 八 varies with rainfall rate. Ulbrich and Atlas 
(1984) further improved the accuracy in measurement by assuming the DSD to 
be a gamma distribution: 
N{D) = No I f exp ( - A D ) , 0 < D < Z)n,ax 
where the exponent ju can be positive or negative and the coefficient Nq now has 
the units cm"^  mm'''^' . When // equals to zero, the formula is reduced to the 
simple exponential form. There are other forms that may describe DSD shape 
well (Ulbrich, 1983). 
In the application, DSD can be used to derive reflectivity and rainfall rate. 
Reflectivity (Z, mm^ m" )^ and rainfall rate (R, mm hr"^) are related to DSD by 
00 CO 
Z = D'N(D)dD , = 6;r X 10-4 f D\{D)N{D)dD, 
J « 0 0 
where N{D)dD is the mean number of raindrops with equivalent spherical 
diameters between D and D + dD (mm) per unit volume of air, v(D) is the 
functional relationship between the raindrop terminal fall speed in still air v (m s' 
1) and D (Battan, 1973). The formula of rainfall rate neglects the effects of wind 
turbulence and raindrop interaction. By the measurement of DSD, measured v{D) 
or theoretical calculated v{D), it is possible to derive Z-R relationships through 
regression analysis. The relationships generally follow power laws of the form of 
Z=aR\ 
where a and b are empirical coefficients. In principle, Z-R relationship is 
empirical but operational. Reflectivity can be obtained easily by radar in fine 
resolution in both time and space. However, this is not the case for rainfall rate 
measurement. Actual rainfall data are typically measured by rain gauges and 
their coverage are highly limited. Z-R relationship can convert high resolution 
reflectivity into rainfall rate, complementing the limited actual rainfall data. 
Therefore, a precise set of {a, b) is essential. 
Unfortunately, determining a and b accurately has not been an easy task. They 
vary with location, topography, seasons, and even cloud types (Nzeukou et al., 
2004). For a given rainfall rate, orographic rainfall tends to have smaller mean 
raindrop size and higher concentration, while thunderstorm rainfall tends to have 
larger mean raindrop size and lower concentration (Uijlenhoet, 2001). The 
difference in raindrop formation processes affects the reflectivity value. Many 
studies have been conducted to investigate proper values of {a, b) under different 
scenarios. Waldvogel (1974) found {a, b) had values of (85, 1.5) for 
thunderstorm rain and (350, 1.5) for widespread rain in a case study in June 丨％8 
3 4 
in Locarno Monti, Switzerland, in which a for convective rain was smaller than 
that for widespread rain. Tokay and Short (1996) studied tropical raindrop 
spectra and found a similar behaviour as Waldvogel's though from a different 
meteorological regime. In Asia, a set of values nearby regions were (269, 1.54) 
and (178, 1.58) for convective and mixed precipitation, respectively, in Leizhou 
Peninsula, China (Chen et al., 2008). Among all, the most widely used values are 
still (200, 1.6) by Marshall et al. (1955). 
In Hong Kong, Hong Kong Observatory (HKO) has been using the Marshall-
Palmer relationship to derive rainfall rate from radar 3-km reflectivity. This 
research aims at justifying the use of Marshall-Palmer parameters by estimating 
the best Z-R parameters for Hong Kong. 
3.2 Data 
Z-R parameters can be estimated by reflectivity and rainfall rate data. There are 
two data sources in this research. HKO provides rainfall data from an automatic 
weather station (AWS) installed at Shatin Racecourse, and radar reflectivity data 
from radar stations at Tate's Cairn (TCR) and Tai Mo Shan (TMS). AWS 
measures rainfall rate up to 1-minute interval, with a resolution of the rainfall 
data up to 0.5 mm. The radar data have a scanning interval of around 6 minutes. 
A Z-R relationship at Shatin can be constructed with these data. It is then 
compared to the Z-R relationship constructed at the Institute of Space and Earth 
Information Science (ISEIS), Fok Ying Tung Remote Sensing Science Building 
in the Chinese University of Hong Kong (CUHK) which has a different elevation 
and is 2.12 km away from the Shatin Racecourse. 
ISEIS has two instruments providing data for constructing the Z-R relationship. 
The first one is a tipping-bucket rain gauge which provides rainfall record in 5-
minute interval, and in 0.1 mm resolution. It is abbreviated as ‘CUHK AWS' in 
the context below. The second one is an optical disdrometer (Meteorological 
Particle Sensor, abbreviated as 'MPS') which measures raindrop size from 50 ^nii 
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to 3100 I^m, in an interval of 50 |Lim, using an optical method, each measurement 
in 1-second interval. The reflectivity is then calculated from the raindrop size 
distribution by the formula in section 3.1. The MPS also measures rainfall rate 
(RK) directly by the formula 
;=i 
where i is of N size categories, ^ is a scale factor to convert units to mm/hr, c, is 
the particle concentration of bin /, v, is mean calculated raindrop terminal fall 
speed, and D, is the raindrop diameter. (DOC-0072 Revision G Operator Manual). 
Radar reflectivity data at ISEIS with a dimension around 300 m x 500 m are also 
provided by TCR and TMS radar stations. This serves as another reflectivity data 
source for Z-R relationship at ISEIS so the radar reflectivity and theoretical 
reflectivity can be compared. 
The MPS has been operating at ISEIS since July 2010. It has covered a number 
of heavy rain episodes providing enough data to produce own sets of Z-R 
relationships by the MPS itself, in summer and winter, in light rain and heavy 
rain. The MPS derived Z-R parameters are compared to those derived from HKO 
radar to determine their appropriateness. 
A case study is performed here to provide an all-rounded analysis from various 
aspects. The case selected is the passage of typhoon Chanthu from 21st July to 
23rd July 2010 which was followed by heavy rain that caused flash floods in 
large areas in Hong Kong. HKO issued an amber, a red and a black rainstorm 
warning within a few hours. The flash flood resulted in four deaths in Hong 
Kong. Radar data, rainfall data, MPS data and even lightning data during this 
period were extracted to support in-depth analyses. Lightning data were recorded 
by HKO Lightning Location Information System (LLIS) and only cloud-ground 
(CG) flash is counted here, because of a higher efficiency of CG flash 
measurement by LLIS. 
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Since the operation of MPS until 23rd September, there were total 33 cases 
which were classified as summer rainfall episodes. After this date, there was a 
first strike of northeast monsoon (winter monsoon in HK) and the rainfall 
episodes afterward came with different synoptic weather systems. From 24th 
September to 20th February, there were total 26 cases which were classified as 
autumn to winter rainfall episodes. This time period was characterized by 
persistent northerly to northeasterly prevailing wind, less convective precipitation 
(identified by warmer cloud top temperature). 
The recording of MPS data is operated manually. Each case is recorded by a 
manually switching on and off procedure. The timing of the switching depends 
on personal judgement of weather conditions aiming at recording rainfall data as 
much as possible. Meanwhile, the switching can only be made during office 
hours. 
3.3 Method 
3.3.1 Linear Regression Analysis 
Although the formula between reflectivity and rainfall rate {Z = a R^) is a non-
linear relationship, it can be transformed into a linear form by taking the 
logarithm, i.e.: 
logZ = log a -f h lo-g R 
Upon a linear regression performed in the log space of the reflectivity-rainfall 
rate relationship, log Z becomes the dependent variable and log R is the 
independent variable, log a is the intercept and b is the slope. The significance of 
the regression result can be examined by the same measures in traditional linear 
regression. 
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MPS measures raindrop size in high temporal resolution. In order to make the 
result more comprehensive, MPS data are grouped to yield raindrop size spectra 
according to 5-minute, 10-minute and 15-minute intervals. Then they are used to 
derive reflectivity via the formula Z = ^ , where D, is the effective diameter 
of the z-th raindrop (Battan, 1973). As a result, DSDs for different rainfall rates 
or lightning-non-lightning classification as well as Z-R relationships can be 
derived by MPS data itself. 
The next step is to compare the Z-R relationships derived by MPS with other 
sources. In this research, Z-R relationships derived by radar reflectivity with 
HKO AWS at Shatin and radar reflectivity with CUHK AWS at ISEIS serve as 
two other sources. 
3.4 Result 
This section begins with a comparison of rainfall rate recorded by HKO AWS at 
Shatin racecourse, CUHK AWS and MPS-derived rainfall. This comparison 
ensures that the difference of the derived Z-R parameters is mainly due to 
reflectivity difference instead of rainfall rate difference. The next step is to 
compute the DSDs for the same time period to look for the characteristics of the 
raindrop size under various classification schemes. A comparison of DSDs 
between summer rainfall and autumn to winter rainfall will also be made. Lastly, 
Z-R relationships are derived accordingly to look for the best choices of Z-R 
parameters in Hong Kong, especially under heavy rain weather, by a case study 
of tropical cyclone Chanthu passage from 21st July to 23rd July 2010. 
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3.4.1 Comparison of Rainfall Rate from Various Sources 
Figure 3-1 shows the 5-minute averaged rainfall rate time series for the operation 
time of MPS during Chanthu passage case. It shows clearly that Shatin AWS and 
CUHK AWS have a very good match in both trends and rainfall rate. The slight 
time lag is believed due to the location difference of 2.12 km between Shatin 
AWS (22.4025〜，114.2100�E) and CUHK AWS (22.4214卞，114.2068�E) 
(Figure 3-2). The coefficient of correlation provides a more quantitative measure 
of their relationship. The correlation coefficient between Shatin AWS and CUHK 
AWS is as high as 0.853 (Table 3-1), suggesting a good agreement of rainfall 
measurement between them. The correlation coefficient between CUHK MPS 
and CUHK AWS is 0.810，implying a highly coherent fluctuation although the 
rainfall rate obtained by MPS displays differences in magnitude from that at 
AWS. 
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FIG 3-1. Time series of 5-min averaged rainfall rate by HKO AWS, CUHK. 
AWS and MPS (x-axis is the number of 5-min interval after 21st July midnight 
00 HKT.). 
3‘） 
FIG 3-2. Map indicating the horizontal distance between Shatin AWS and 
CUHK AWS. 
Coefficient of correlation (r) 
CUHK MPS CUHK AWS Shatin AWS 
CUHK MPS - 0.810 0.736 
CUHK AWS 0.810 - 0.853 
Shatin AWS 0.736 0.853 -
TABLE 3-1. Coefficient of correlation between rainfall rates of CUHK MPS, 
CUHK AWS and Shatin AWS. 
Figure 3-1 shows the very large and unphysical rainfall rate derived by MPS at 
time around 500. This is suspected to be caused by strong vertical air motion that 
adds extra uncertainty to the MPS raindrop measurement, since the formula 
RR 二 I A * c丨• V, - Df • y^ assumes all the raindrops fall in terminal velocities. 
To verify this idea, the lightning activity at ISEIS recorded by LLIS, the 
horizontal wind speed and direction recorded by CUHK AWS are examined 
(Figure 3-3 and 3-4). The lightning domain is 15 km from ISEIS. The lightniim 
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activity is active, over 100 CG-flashes and abrupt changes of 5-minute averaged 
horizontal wind speed and direction are observed. That shows a strong 
convective activity during the abnormal MPS rainfall rate period. 
Time series of Rainfall rato and no. of lightning for the case 
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FIG 3-3. Time series of 5-min rainfall rate by CUHK AWS and MPS, and CG-
flash activity by LLIS. 
Time series of 5-min horizontal wind speed and direction for the case 
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direction. 
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Table 3-2 tabulates the mean bias and mean root mean square error between three 
rainfall rate sources. While mean biases between all measurements are small, the 
mean RMSEs of MPS to the others are quite high, obviously due to the 
exceptional rainfall rates in the MPS time series. Overall, CUHK AWS and 
Shatin AWS agree so well that the outcome of further analyses has a relatively 
low chance to be affected by rainfall rate difference. 
M P S - M P S - CUHK AWS -
CUHK AWS Shatin AWS Shatin AWS 
Mean bias 2.145 L ^ -0.162 
Mean RMSE 34.848 36.614 8.572 
TABLE 3-2. Differences between rainfall rates (unit: mm hr'') of CUHK MPS, 
CUHK AWS and Shatin AWS. 
3.4.2 Raindrop Size Distributions under Various Classification Schemes 
In this section, various DSDs will be shown to demonstrate how DSDs change 
with different settings. This helps us to understand how raindrop size is 
distributed in a typical rainfall episode in Hong Kong. Figure 3-5 is the DSD for 
the typhoon Chanthu passage case, with a Marshall-Palmer (MP) formula fit 
N{D) = No exp (-八Z)). A cut-off rainfall rate of 0.01 mm hr"' is applied to remove 
the noise. Comparing it with the MP fitting, there are a few distinct features. 
There is initially a large drop for small raindrop size, followed by a much 
moderate slope for medium raindrop size and another decline at large drop size. 
The significant points of changing slope are at around 0.5 mm and 2.5 mm. 
These points are close to the distinct points of DSDs obtained by the simulation 
of a rainshaft model (Prat and Barros, 2007). They simulated the vertical 
evolution of the DSD by column model of stochastic coalescence-breakup 
dynamics. Although their simulated DSDs had a maximum point ai D k 0.26 mm 
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which is absent from the DSD recorded by CUHK MPS, the general shape 
including slope changes at the 0.5 mm and 2.5 mm is retained. The decline at 
large raindrop size is believed to be caused by the result of breakup of large 
raindrops, and at the same time, increasing number of small drops. This idea is 
further confirmed by comparing the DSDs from various rainfall rates. In 
particular, the exponential shape of the tail of the distribution can be attributed to 
the tendency of coalescence to produce exponential distributions at large sizes 
with breakup controlling the slope of the distribution (Hu and Srivastava, 1995). 
Figure 3-6 shows the DSDs for all rainfall data recorded by the CUHK MPS 
from 15th July to 23rd September (last case starts on 20th September). The 
bolded line refers to the DSD obtained for typhoon Chanthu passage case and the 
others are DSDs corresponding to different rainfall rates (mm hr"') excluding 
Chanthu case data. Chanthu DSD coincides with the DSD of rainfall rate 
between 30 to 50 mm hr'^  very well, except for a slight shift from middle 
raindrop size to large raindrop size, which means a lower concentration of middle 
size raindrop but a higher concentration of large size raindrops in the Chanthu 
case. This can be due to the high instability during Chanthu passage, which leads 
to stronger updraft that provides a greater support for the raindrop against the 
gravity, producing the relatively higher concentration of large size raindrops. 
From lower to higher rainfall rates, the change appears to be gradual. With the 
increase in rainfall rate, the overall number concentration of raindrops increases 
exponentially for all sizes, which is consistent with the findings of Niu et al. 
(2010) who found that both the maximum drop diameters and the number 
concentration increased across all the bins when rainfall rates increase. In 
particular, the slope of middle size raindrops becomes much gentle and the drop 
of the DSD end points becomes less rapid with the increase in rainfall rates. It 
implies that as the rainfall rate increases, there is an increase in total number 
concentration of raindrops, and an increase in the proportion of the middle and 
large size raindrops as well as the maximum raindrop size. However, the increase 
in maximum raindrop size is not obvious due to the maximum measurable 
raindrop size by CUHK MPS. 
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FIG 3-5. DSD of Chanthu passage case with Marshall-Palmer fitting. 
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Another interest is the DSD based on other classification schemes. One is to 
divide the Chanthu passage case into two groups which correspond to the data 
when CUHK AWS records rainfall rate less and greater than 0.01 mm hr"' 
(Figure 3-7). Figure 3-7 indicates an overlap of Chanthu curve with CUHK AWS 
rainfall rate greater than zero curve, which is not surprising. The curve with 
CUHK AWS rainfall rate equal to zero draws our attention. This curve comes 
from the time that CUHK AWS records zero rainfall rate but CUHK MPS 
records non-zero values, which may be resulted from drizzle. A small peak of D 
= 0 . 3 mm is noticed, which coincides with the peak in DSD simulated by Prat 
and Barros (2007). There are other peaks in the middle size range but the points 
seem not stable due to relatively few data points. A long period data should be 
used in order to further study the peaks in this curve. Figure 3-8 shows the results 
for the whole summer rainfall period based on the same classification. The peaks 
found in the Chanthu case are not visible on Figure 3-8. A relatively smooth 
decay is seen for small rain and drizzle. The shape of the curve corresponding to 
zero reading of CUHK AWS is similar to the curve of rainfall rate 0.01 < RR < 
10 mm hf i in Figure 3-6. 
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FIG 3-7. DSD of Chanthu passage case, DSDs when CUHK AWS rainfall rate 
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summer rainfall period. 
Another classification scheme is to divide the data into two groups according to 
CG-flash activity within 15 km from ISEIS (Figure 3-9). Figure 3-9 produces a 
fine picture in DSD during lightning activity. Chanthu curve appears as an 
average of two curves which have no distinguished features. The non-lightning 
curve represents a relatively light rain environment with less turbulent 
convection, and the non-zero CG-flash curve shows a heavy rain environment 
with strong convective activity. The non-lightning curve displays a rather stable 
decay (exponential) from middle raindrop size to large raindrop size while the 
non-zero CG-flash curve tends to have a larger portion of large raindrops with a 
sharp decay in very large drop size. The features here help us to have a better 
understanding of the difference between light rain and heavy rain. 
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FIG 3-9. DSD of Chanthu passage case, DSDs when LLIS recorded (no) 
lightning within 15 km. 
To conclude, the Chanthu case is a heavy rainfall scenario with average rainfall 
rate around 30 to 50 mm hf \ accompanied by strong lightning activity. It has a 
greater proportion of large raindrops than normal summer convective rainfall 
episodes. 
Another interest is to compare the summer rainfall and autumn to winter rainfall 
DSDs. Figure 3-10 plots the two DSDs in the same graph. The total area under 
the curves suggests that summer rainfall has a higher raindrop number 
concentration, i.e. more raindrops at the same volume. The difference comes 
from the relatively large number of middle to large raindrops. 
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FIG 3-10. DSDs of summer rainfall (15''' July to 23'�September) and autumn to 
winter rainfall (30^^ September to February) with Marshall-Palmer fittings. 
3.4.3 Z-R Relationships Derived from Various Sources 
In this section, a number of Z-R relationships are derived to provide reference of 
Z-R parameters suitable for Hong Kong. Hong Kong Observatory is using 
Marshall-Palmer (MP) relationship to covert 3-km reflectivity to surface rainfall 
rate. To check the appropriateness of this usage, a Z-R relationship is established 
based on Tate's Cairn radar station (TCR) reflectivity and HKO AWS rainfall 
rate at Shatin Racecourse. 3-km and 1-km TCR reflectivity data over Shatin 
Racecourse are used to plot the Z-R plots (Figure 3-11, 3-12). Values of (54, 1.5) 
and (87, 1.56) are obtained for 3-km and 1-km reflectivity respectively. The 
corresponding values deviate from the MP standard relationship (200, 1.6). The 
MP relationship in this case performs rather poor as it tends to underestimate the 
actual rainfall rate. 1-km reflectivity result is found to be more converging (with 
a greater value of correlation) than the 3-km reflectivity. The difference between 
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the two results is obviously originated from the vertical variation of reflectivity. 
The time series of TCR reflectivity at different height levels (Figure 3-13) shows 
that the 1-km reflectivity (exact height is 0.65 km) maintains a value greater than 
that at other levels except for the active lightning period. At some particular 
instants, 3-km reflectivity is negative when 1-km reflectivity has a value up to 30 
dBZ. These instants correspond to low level precipitation. This reveals the 
potential problem of using 3-km reflectivity to depict surface rainfall rate. 
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FIG 3-13. Time series of Tate's Cairn radar station reflectivity at 0.65 km, 2.09 
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Next step is to compute the Z-R relationships at ISEIS. A general fit of 1-km 
reflectivity to CUHK AWS rainfall rate is plotted (Figure 3-14). The result of Z-
R parameters obtained (572, 1.05) is quite different from the one obtained at the 
Shatin racecourse. The MP relationship leads to an overestimation of rainfall rate 
in light rain and an underestimation in heavy rain. By setting a value of 5 mm hr'^ 
as a threshold for two-segment fitting, pairs of (382, 1.17) and (567, 1.12) are 
obtained for greater than and less than the threshold value respectively (Figure 3-
15), and the trends look more convincing and reliable. The reason behind should 
lie on the fact that heavy rain has a greater proportion of large raindrops as 
shown in the last section, which changes the shape of the DSD. Different sets of 
Z-R parameters should be applied for light and heavy rain. 
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Besides using HKO radar reflectivity, reflectivity data can also be calculated 
CO 
theoretically by formula Z = (D^N(D)dD from DSD. Along with the rainfall 
0 
N . 
rate calculated by f o r m u l a = c^ - v. ^ D^ - ^ , a Z-R relationship can be 
;=i 
derived by MPS itself. An overall relationship and two relationships by a rainfall 
rate threshold of 5 mm hr"^  (Figure 3-16, 3-17) are plotted. A relationship 
between MPS reflectivity and CUHK AWS rainfall rate is also constructed to 
compare the performance of reflectivity data from HKO and MPS. MPS 
reflectivity and MPS rainfall rate data have a good matching, which is not 
surprising since the formulae of the reflectivity and rainfall rate have a high 
similarity. Due to the high resolution of raindrop size measurement by MPS, it is 
capable of detecting rainfall rate smaller than 0.1 mm h f \ However, too little 
rain (e.g. smaller than 0.01 mm hr.i) is not physical as it is easily blown away. A 
summary of different Z-R relationships derived by radar reflectivity, AWS and 
MPS is shown in Table 3-3. 
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FIG 3-17. MPS-derived reflectivity - rainfall rate plot at ISEIS, segmented by 
rainfall rate threshold. 
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Z-R parameters {a, b) 
Shatin Racecourse Shatin AWS R 
TCR radar 1-km Z (0.63 km) (87, 1.56) 
TCR radar 3-km Z (3.05 km) (54, 1.50) 
Institute of Space and Earth 
CUHK AWS R MPS R 
Information Science 
TCR radar 1-km Z (0.65 km) (572, 1.05) (1227, 0.75) 
TCR radar 3-km Z (3.25 km) (235, 0.91) (319, 0.83) 
TCR 1 -km Z (0.65 km) (CG-flash > 0) (651, 0.98) 
TCR 1-km Z (0.65 km) (CG-flash = 0) (523, 1.16) 
TCR 1-km Z (0.65 km) (i^ > 5 mm hr.!) (382, 1.17) 
TCR 1-km Z (0.65 km) (i^ < 5 mm hr.!) (567, 1.12) 
MPS Z (surface) (440, 1.07) (1193,0.95) 
MPS Z ( i ^ > 5 m m hf^) (802. 1.04) 
MPS < 5 mm hr-i) (1288，0.97) 
TABLE 3-3. Summary of Z-R relationships derived from radar reflectivity, AWS 
rainfall rate and CUHK MPS. 
Table 3-3 makes comparisons between Z-R parameters derived from Shatin 
racecourse and ISEIS, TCR radar and MPS reflectivity, CUHK AWS and MPS 
rainfall rate. Here only TCR radar is used because TMS radar contains data that 
may have been contaminated during the heavy rain period. There are a few 
features worth noticing. Z-R parameters at Shatin have a smaller a and a bigger b 
than those at ISEIS, which may result from topographic difference between 
Shatin racecourse and ISEIS, even though they are just separated by 2.12 km. 
Shatin racecourse is a plain area with elevation 8 m while ISEIS is located at the 
hill top with elevation 130 m, so orographic effect may play a role here. 3-km 
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reflectivity tends to have a smaller a, which implies that the 3-km reflectivity is 
generally smaller than 1-km reflectivity for the same rainfall rate. This means 
that low level precipitation is much dominant during the Chanthu passage. Using 
3-km radar reflectivity with MP relationship leads to an underestimate of rainfall 
rate in heavy rain. At least two sets of Z-R parameters are needed to depict light 
rain and heavy rain precipitation. Using rainfall rate as a threshold may be better 
than using lightning activity. Using MPS reflectivity or rainfall rate usually leads 
to a large a. If MPS rainfall rate is matched with TCR reflectivity, a very small b 
would be obtained. This should be due to the high sensitivity of MPS to raindrop 
measurement. MPS can detect a raindrop up to 50 )im and give a large negative 
reflectivity, producing a huge spectrum of reflectivity. Its error can be large since 
Z � M o r e case studies are needed to test the accuracy of MPS-derived 
parameters. Even so, MPS is undoubtedly a useful tool to study the microphysics 
of precipitation. 
5 min-averaged Z vs. R for Chanthu passage case 
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FIG 3-18. Some derived Z-R curves in Chanthu passage case. 
Figure 3-18 visualizes some of the major Z-R curves by the derived Z-R 
parameters in the Chanthu case. It reveals that all curves derived at ISEIS correct 
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the overestimated rainfall rate in light rain and the underestimated rainfall rate in 
heavy rain by TCR radar reflectivity. While all curves derived at ISEIS are quite 
similar, the Z-R relationship derived at Shatin is obviously different from all the 
others. MP relationship always underestimates the actual rainfall rate at Shatin 
during the Chanthu passage case. Overall, MP relationship is not suitable to 
estimate the rainfall rate in the Chanthu passage case. 
The comparison between the summer and autumn to winter rainfall are shown in 
Figure 3-19. The Z-R relationships for rainfall rate greater than 5 mm hr.i are 
similar in both seasons, while a substantial difference is found in relationships of 
rainfall rate smaller than 5 mm hr.i between different seasons. The values of a 
offset by half and b offset by around 0.35. The difference comes from the larger 
dispersion of autumn to winter rainfall data in small rainfall rate. It is not 
surprising because summer rainfall has relatively larger raindrop size, hence a 
greater reflectivity, as discussed in the section 3.4.2. 
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FIG 3-19. MPS-derived reflectivity - rainfall rate plot at ISEIS, segmented by 
rainfall rate threshold, for summer rainfall and autumn to winter rainfall. 
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The analysis shows that different Z-R relationships should be used in different 
seasons. While more studies should be conducted to determine the suitable sets 
of Z-R relationship under different weather scenarios, a few choices of parameter 
sets under light rain, heavy rain, stratiform and convective rainfall are provided 
in this study. 
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CHAPTER 4: CONCLUSION 
Climate change has drawn increasing attention from scientists, politicians, and 
the public. There is a general consensus on global temperature increase, but 
precipitation characteristics changes vary from place to place and there is no 
consensus for precipitation trends among climate models. Hong Kong, being a 
highly urbanized city, has shown temperature and precipitation trends through 
various studies. This research focuses on two parts: First, how the precipitation 
characteristics have changed in a climatic sense; Second, what is the best choice 
of the radar reflectivity-rainfall rate parameters, so to give an accurate rainfall 
estimation by radar reflectivity. 
The first part revisits the rainfall characteristics in Hong Kong using hourly 
rainfall data from 1885 to 2009, paying particular attention to extreme rainfall 
and event statistics through analyses using linear regression and empirical mode 
decomposition methods. The variations in the rainfall rate distribution, the 
diurnal cycle, rainfall event characteristics, and rainfall rate categories are 
examined for winter monsoon season, summer monsoon season, and mid-
summer rain and typhoon season. 
An analysis of rainfall rate categories shows an increasing trend for the relative 
percentage of light rain and a decreasing trend of heavy rain in AMJ during the 
pre-war period. The situation reverses in AMJ during the post-war period as light 
rain has a decreasing trend and moderate rain and heavy rain have increasing 
trends. In JAS, pre-war period displays a decreasing trend in moderate rain and 
post-war period displays a decreasing trend in light rain. Both periods display 
increasing trends in heavy rain. In DJF, increasing trends in light rain are found 
in both pre-war and post-war periods and decreasing trends are found in the pre-
war period for moderate rain and in the post-war period for heavy rain. The 
rainfall event statistics shows that the accumulated rainfall of an event has 
increased in AMJ and JAS in the post-war period. The duration of an event has 
no significant changes. The separation between each event decreases in AMJ and 
increases in JAS in the post-war period. Only the intensity in JAS shows 
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significant increasing trend by linear regression in the post-war period. The 
number of events from 1885-2009 is also analyzed. It shows a decreasing trend 
in JAS during the post-war period. Non-rain records are also studied to complete 
the whole picture. The percent of zero rainfall hours shows a decreasing trend in 
AMJ during the post-war period. An analysis of the diurnal variation shows 
obvious increases in morning and late evening rain in AMJ from pre-war to post-
war period, and increases in early morning and late evening rain in JAS as well. 
The maximum rainfall hours have been delayed in AMJ, and the average rainfall 
has strengthened in AMJ and JAS. From the rainfall rate distribution, heavy rain 
has become more frequent in summertime, explained by increasing trends of 
and 90th percentiles rainfall rate. Return period analysis indicates an increase in 
the probability of receiving heavy rainfall in AMJ. 
The findings indicate that the rainfall distribution in Hong Kong has been 
shifting towards extremes with reduction in light rain and increase in heavy rain 
in monsoon season, which brings more heavy rainfall to Hong Kong. In monsoon 
season, each rainfall event has brought heavier rainfall. At the same time, the 
number of events in AMJ has been decreasing, implying the rainfall being more 
and more concentrated. 
Changes in the return periods are useful in engineering applications. However, 
due to the very limited occurrence of heavy rainfall events, the change in return 
period of such violent rain is inconclusive. An interesting finding of this research 
is the comparatively rapid change in the most recent 30 years, in terms of rainfall 
rate distribution, or diurnal variation. It is worth analyzing the relation between 
these rain parameters which may be related to the urbanization effect and aerosol. 
The second part examines the DSDs and the derived Z-R relationships using 
reflectivity data from HKO radar, rainfall data from automatic weather station 
installed by HKO and ISEIS, and reflectivity and rainfall data derived from a 
disdrometer installed at ISEIS and operated since July 2010. A case study is 
conducted for the period of 21st to 23rd July 2010 during the passage of typhoon 
Chanthu that brought flash flood over areas in Hong Kong. 
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Analysis shows that the DSDs feature a sharp decline in the small raindrop size 
domain, followed by a much moderate slope in the medium raindrop size and 
another decline at large drop size. The significant points of changing slope are at 
around 0.5 mm and 2.5 mm, where are close to the distinct points of DSDs 
obtained by the past numerical simulation studies. Corresponding to the increase 
of rainfall rate, slope of middle size raindrops becomes much more gentle and the 
decline of the DSD end points becomes less rapid. That implies a relative 
increase of the proportion of the middle and large size raindrops with an increase 
in maximum raindrop size. DSD of Chanthu passage case matches quite well 
with the DSD of 30 to 50 mm hr'^ rainfall rate, but with a greater portion of large 
raindrops and a smaller portion of middle-sized raindrops. It can be related to the 
strong updraft during Chanthu passage that provides a greater support for the 
raindrop against the gravity, so they can grow larger before falling, hence 
producing the relatively higher concentration of large size raindrops. 
A series of Z-R relationships are established from different kinds of data sources. 
MPS, being capable to derive rainfall rate and reflectivity data itself, produces 
two sets of Z-R parameters for rainfall rate greater and less than 5 mm hr'^ with 
values of (802, 1.04) and (1288, 0.97) respectively. Applying HKO radar 1-km 
reflectivity and ISEIS rain gauge gives (382, 1.17) and (567, 1.12) for the same 
rainfall rate threshold. They are compared with the Z-R pairs obtained from HKO 
radar and AWS data which are (87, 1.56) for 1-km reflectivity and (54, 1.50) for 
3-km reflectivity. The large difference suggests that the regional topography 
difference is not negligible. To conclude, no particular fits are comparable to the 
MP relationship and the Z-R parameters for light and heavy rain are distinctive. It 
is suggested that more than one Z-R parameters should be adopted under 
different precipitation situations. 
Some limitations and suggested improvement of this research are: 
In the first part, the rainfall data set should be expanded to include other available 
stations in Hong Kong to give a better picture of the spatial and temporal 
variability. However, no other rain gauge is available to provide rainfall data 
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more than 20 years. It is expected that this research can be conducted again years 
later so the result can be more conclusive. 
Urbanization, aerosol impact, climate change issues all contribute to the 
precipitation pattern changes. In reality, all of the above phenomena are coupled 
so it is very hard to examine their contribution individually. Regional numerical 
simulation coupled with aerosol chemistry and cloud microphysics can help us 
understand these effects on rainfall pattern in Hong Kong conceptually. 
In the second part, although MPS has a fine resolution in drop size, the 
measurement suffers from the accumulative error since Z � i f . Also, the MPS 
sometimes records non-zero reading even in a fine weather, this background 
noise is removed by assigning a cutoff rainfall of 0.01 mm hr"\ The small 
number of noise raindrop does not affect the DSD shape in principle but may 
affect the Z-R fitting especially in light rain regime when MPS-derived rainfall 
rate is smaller than 0.5 mm hr'^ 
In deriving the Z-R parameters related to lightning activity, a domain of 15 km 
away from ISEIS is used. The choice of range can be adjusted in principle. Here 
15 km is a reasonable balance as the horizontal distance between the lightning 
location in cloud and arrival location on the ground surface can be a few 
kilometers apart. 
The Z-R relationships derived are based on 5-minute averaged data and a 
complete scan of HKO radar is around 6 minutes. The averaging done by 5 
minutes and 6 minutes gives similar results. However, a time interval shorter 
than 5 minutes does not provide enough time for the raindrops falling from the 
cloud base to the ground, while a too long time interval would allow the 
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